R. J. GILLESPIE. Can. J. Chem. 70, 742 (1992). This paper reviews the present status of the VSEPR model of molecular geometry in relation to electron densities. The discussion is based on the electron pair domain version of this model. The fundamental postulates of the model are summarized and illustrated by a discussion of the structures of some n~olecules with five and seven electron pair domains in the valence shell, including the recently discovered ions X e F , and X e O F h . The total electron density does not provide any obvious support for the model and although electron density deformation maps do provide some support they are not always reliable. The Laplacian of the electron density, however, shows the presence of valence shell charge concentrations that correspond closely in number and properties to the electron pair domains of the VSEPR model. This correspondence between electron pair domains and valence shell charge concentrations provides a physical basis for a better understanding of the VSEPR model.
It is now over 30 years since the Valence Shell Electron Pair Repulsion (VSEPR) model of molecular geometry was first proposed and it continues to be an extremely useful model for the prediction and understanding of the geometry of covalent molecules. Despite its success it is sometimes criticised on the grounds that it is an empirical model that does not have a sound theoretical basis. The purpose of this paper is to review the present status of the model, particularly in relation to the detailed information on the electron densities of molecules that has become available since the VSEPR model was first formulated. We first describe an electron pair domain version of the model and illustrate its application by some recently determined structures of molecules with five or seven valence shell electron pairs. Then we discuss the physical basis of the model. In particular, we consider to what extent the model can be justified by an examination of the electron density and the Laplacian of the electron density. Finally we note that the theoretical basis for the model provided by the Laplacian of the electron density should lead to a better understanding of those molecules that appear to be exceptions to the VSEPR model.
The VSEPR model is a direct development from Lewis's idea that the covalent bond can be represented as a shared pair of electrons. This brilliant idea, which cleared up enormous confusion concerning valence and bonding, and which is still used by every chemist today, had no theoretical basis for many years. We now understand that the fundamental basis of the concept of the electron pair is the Pauli exclusion principle. The VSEPR model, which is a natural extension of the Lewis model, is similarly based on the Pauli exclusion principle, which plays a major role in determining the electron distribution in molecules (1, 2) .
The electron pair domain version of the VSEPR model
The primary postulate of the VSEPR model is that the electron pairs in the Lewis structure of a molecule are arranged as far apart as possible. These electron pair arrangements are often illustrated by the arrangements of points on the surface of a sphere that maximize the least distance between any pair of points (Fig. 1) . However, electron pairs are not very realistically represented by points, so it is pref-FIG. 2 . Arrangements of spherical electron pair domains that minimize their distance from the nucleus.
erable to think of a valence shell electron pair as a charge cloud composed of two electrons of opposite spin and which occupies as much space as possible while excluding other electrons from this space in accordance with the Pauli exclusion principle. Thus we could consider, as an alternative model, the arrangements adopted by different numbers of circles of equal radii occupying as large a fraction as possible of the surface of a sphere without overlapping. This model leads to exactly the same arrangements as the points-on-asphere model. Another variation of the same basic idea that was first proposed by ~i m b a l l ' and which has been extensively developed by Bent (3) is to consider each electron pair charge cloud as having a spherical shape of the same size. Bent called it the tangent-sphere model. I prefer to call it the domain model. The spherical electron pair domains are packed as closely as possible around the core of the atom and again we arrive at the same arrangements (Fig. 2) . These basic arrangements of two to six electron pairs were first proposed by Sidgwick and Powell in 1940 (4) . They are fundamental to the VSEPR model and they form the basis for the prediction of the molecular shapes.
In our paper in 1957 (5) Nyholm and I went beyond these basic electron pair arrangements by pointing out that not all the electron pairs in a valence shell should be regarded as equivalent. The differences between electron pairs were expressed in the form that lone-pair-lone-pair repulsions are stronger than lone-pair-bond-pair repulsions, which are stronger than bond-pair-bond-pair repulsions. On this basis one can account in a qualitative manner for the many small deviations of real structures from the "ideal" structures predicted on the basis of equivalent electron pairs. However, it is simpler, more realistic, and less liable to the misinterpretation that it is a classical electrostatic model to express the VSEPR model in terms of the sizes and shapes of localized electron pair domains rather than in terms of electron pair repulsions. Indeed there would be some advantage in changing the name to the VSEPD model: the Valence Shell Electron Pair Domain model. In these terms the three basic postulates or rules of the VSEPR (VSEPD) model are as follows.
1 3. Although it is often convenient to think of double and triple bonds as composed of a a and one or two T bonds or two or three bent single bonds, respectively, it is simpler in the electron pair domain model to consider a double bond as a two electron pair domain and a triple bond as a three electron pair domain in which the individual electron pairs are not distinguished. These bond domains increase in size from a single to a double to a triple bond.
Application of the VSEPR model to molecules with five or seven valence shell electron pairs Trigonal bipyrarnidal AX, molecules and the related AX,E, AX,E,, and AX,E3 molecules provide particularly interesting applications of the VSEPR model because the five vertices of a trigonal bipyramid are not all equivalent. The axial positions of a trigonal bipyramid are more crowded than the equatorial positions; they have three neighbors at 90" whereas an equatorial position has two neighbors at 90" and two more at 120". S o large domains will prefer the equatorial positions, forcing smaller domains into the axial positions. Thus lone pair domains, double bond domains, and the domains of less electronegative ligands are preferentially found in the equatorial positions (Fig. 3) . Moreover, because the axial domains are in a more crowded position, axial bonds are always longer than equivalent equatorial bonds (Fig. 3) . No other simple model enables one to make these predictions about the geometry of molecules with a central atom with five valence shell electron pairs.
The recently prepared XeF,-ion (6) has a unique planar pentagonal AX,E2 structure based on a pentagonal bipyramidal arrangement of seven electron pairs with the two lone pairs in the axial positions (Fig. 4) . In contrast to the trigonal bipyramid the lone pairs prefer the axial positions, which are the least crowded positions with all neighbors at 90" whereas each equatorial position has two neighbors at 72". The prediction of the geometry of molecules in which there are seven electron pairs in the valence shell of the central tron pair domains that we find in the closely related molecule IF,. Moreover, we expect a structure based on an atom A cannot be made with as much certainty as for molarrangement in which two lone pairs can occupy two equivecules in which there are six or fewer electron pairs in the alent less crowded positions and this is the pentagonal bivalence shell because there are three electron pair arrangepyramid with the lone pair domains in the two axial positions. ments with very similar interpair distances (Fig. 5) . How-
The IOF,-ion has recently been shown to have a penta- gonal bipyramid structure in which the doubly bonded oxygen occupies an axial position (7, 8) as expected (Fig. 6) . Moreover, the I-F bond in the less crowded axial position is, as expected, shorter (182.4 pm) than the equatorial bonds (187.4 pm). In contrast, in trigonal bipyramidal molecules the axial bonds are always longer than the equatorial bonds because the axial positions are the most crowded. Although we cannot make an absolutely unambiguous prediction of the basic geometry of these seven coordinated molecules they do have one of the three possible predicted geometries. Moreover, the details of their structures are fully consistent with the postulates of the VSEPR model. No other model gives us a better understanding of the geometry of these molecules.
Electron densities
Can we legitimately think of electron pairs as essentially localized nonoverlapping charge clouds representing bonding pairs and lone pairs as the VSEPR model assumes? Many accurate calculations of electron densities in simple molecules have been made and in no case are there any features in the total electron density that represent localized bonding or nonbonding electron pairs. The water molecule provides us with a simple example (9). As we see in Fig. 7 there is no obvious localization of charge corresponding to lone pairs or bonding pairs. A bond is only apparent as a ridge of maximum density between the high concentrations of charge that surround each nucleus. This ridge has been called a bond path (10) .
Total electron densities can also be obtained from accurate X-ray crystallographic studies. Again they give no evidence for localized electron pairs, either bonding or nonbonding. Nevertheless the usefulness of the Lewis and VSEPR models has inspired efforts to examine the total electron density in more detail. The total electron density is dominated strongly by the high concentration of electron density surrounding each nucleus and the changes in the electron density that accompany molecule formation are relatively very small. Various attempts have been made to make these small changes in electron density more apparent. One method is by the calculation of electron density difference (deformation) maps, which are obtained by subtracting from the observed total electron density the densities of the isolated spherical atoms. Electron density difference maps for the water molecule in oxalic acid dihydrate are shown in Fig. 8 (1 1) . There is a significant electron density in this difference map corresponding to the bond pairs and the lone pairs of the water molecule although the two lone pairs are not resolved. However, the problems that are sometimes associated with the interpretation of such maps are illustrated by the electron density difference map for tetrafluoroterephthalonitrile in Fig. 9 , which shows no density at all in the C-F bond regions (12) . These problems arise because the subtraction of the spherical densities of isolated atoms, although apparently reasonable, is an arbitrary procedure that cannot be theoretically justified.
The Laplacian of the electron density
It is only the total electron density that is an unambiguous experimentally determinable property of a molecule and so we must examine the total density and not some arbitrary difference or deformation density if we hope to obtain reliable evidence for bond pairs and lone pairs and to better understand the VSEPR model. Bader et al. showed that the Laplacian of the electron density, that is, the second differential of the electron density in three dimensions, provides I I us with a means of looking at the total electron density in some detail in a useful and informative way (9) . For simplicity we first consider the one-dimensional function f (x) shown in Fig. 10 . This function decreases rapidly with increasing x and has two weak shoulders but no maxima or minima. The electron density in a free atom along any radius from the nucleus decreases in a somewhat similar manner although much more rapidly. The first differential of this function is everywhere negative because the slope is continually decreasing although not in a uniform manner. The second differential f "(x) exhibits a minimum and -f"(x) a maximum where the function has a larger value than the average of its value at Ithe two neighboring points, in other words where f (x), > z[ f (x -dx) + f (x + dx)]. We see that the weak shoulder in the f (x) function is a much more apparent maximum in -f "(x).
In an atom we have to consider the variation of p in three dimensions. Thus we are concerned with the Laplacian of the electron density Wherever -V2p is positive there is a local concentration of charge, that is, the electron density is greater than the average density in the immediate neighborhood. Wherever -V2p is negative there is an analogous local depletion of charge. A plot of -V2p for any plane through a spherical free atom shows maxima and minima corresponding to the electron shells (Fig. 11) . For the argon atom there is an inner spike and two concentric shells in which the electron density is locally concentrated, separated by regions of electron density depletion. We can think of these as regions of locally increased and decreased electron density although they are not maxima and minima in the electron density. The outer shell corresponds to the valence shell. In the valence shell there is a spherical surface on which the electronic charge is maximally concentrated. This is called the valence shell charge concentration (VSCC). In general this surface persists when an atom forms part of a molecule but the sphere is distorted and is no longer one of uniform charge concentration.
The Laplacian of the electron density of the water molecule (9) shows two local charge concentrations in the valence shell of oxygen corresponding to the two bonds and two charge concentrations corresponding to the lone pairs (Fig. 12) . These four charge concentrations have an ap- proximately tetrahedral arrangement and their properties (Table 1 ) mimic exactly the properties postulated for localized electron pairs in the VSEPR model. For example, the nonbonded charge concentrations are larger and occupy a larger area on the valence shell sphere of charge concentration than the bonding charge concentrations. The nonbonding charge concentrations are closer to the nucleus than the bonding charge concentrations and the angle between the nonbonding charge concentrations is greater than the angle between the bonding charge concentrations.
The Laplacian of the electron density of the ammonia molecule shows three bonding charge concentrations and one nonbonding charge concentration, which also have relative sizes and positions that correspond closely to those postulated for localized electron pairs in the VSEPR model (Table 1) .
In the five electron pair molecule CLF, the Laplacian of the electron density has five regions of charge concentration with a trigonal bypyramidal arrangement and exactly those properties of size and position predicted for the localized elec- tron pair domains of the VSEPR model (Table 2 and Fig. 13 ). For example, the nonbonding charge concentrations are in the equatorial positions and the axial charge "Abbreviations: r, distance from maximum of charge concentration to nucleus; -V2p, value at maximum of charge concentration; area, approximate area of charge concentration; 1, lone pair; b, bond pair.
concentrations are smaller and further from the nucleus than the equatorial charge concentrations.
Similar results have been obtained (13, 14) for SF,, SOF,, and ClF, ( Table 2 and Fig. 14) .
The important and interesting result of the study of the Laplacian of the electron density is that although the electrons are not highly localized into pairs as postulated by the VSEPR model there are an equal number of local concentrations of charge (VSCC's) that exhibit all the properties ascribed to the electron pair domains of the VSEPR model. Although the VSEPR model gives a highly exaggerated picture of the extent of localization of electron pairs in a molecule, there is nevertheless a very partial localization of electrons into pairs that gives rise to the small local concentrations of charge that have exactly the properties postulated for the localized electron pairs of the VSEPR model.
Valence shell charge concentrations and the Pauli exclusion principle
The valence shell charge concentrations result from the operation of the Pauli exclusion principle or spin correlation but because spin correlation is opposed by the electrostatic repulsion between the electrons (charge correlation) it is less effective in producing localized pairs than is assumed in the VSEPR model.
Linnett previously discussed the distribution of electrons in a molecule, a consequence of spin and charge correlation in the context of his double-quartet theory (15) . According to Linnett we can consider the eight electrons of a neon atom or an oxide ion as consisting of one set of four electrons of a spin and another set of four of p spin. The most probable arrangement in each set as a consequence of both spin and charge correlation is at the corners-of a tetrahedron. As a consequence of spin correlation the two sets tend to come into coincidence but this tendency is opposed by charge correlation. Linnett assumes that to a first approximation there is, as a consequence, little or no correlation between the two tetrahedral sets (Fig. 15) . The overall electron density of the neon atom or the oxide ion is then spherical. We can think of forming the water molecule by the addition of two protons to an oxide ion. Each proton provides an additional attractive force tending to pull the two tetrahedral sets of electrons more towards coincidence, thus giving a partial localization of the electrons into two bonding pairs and two nonbonding pairs and the formation therefore of four corresponding local charge concentrations with an approximately tetrahedral arrangement (Fig. 15) . The lone pair electrons are not as localized as the bonding pair electrons because they are not subject to the attraction of the protons and their localization depends only on spin correlation.
Summary and future developments
Although no complete theoretical justification of the VSEPR model has yet been given we now have a better understanding of its physical basis. Electrons in molecules are not as localized into electron pair domains as the VSEPR model assumes; nevertheless, there is a partial localization of electrons into pairs as a consequence of spin and charge correlation that gives rise to small local charge concentrations that have all the properties ascribed to the localized pairs of the VSEPR model. It seems reasonable to assume that an examination of the Laplacian of the electron density in those molecules that appear to be exceptions to the VSEPR model (2) will improve our understanding of the geometry of these molecules and also of the VSEPR model and its limitations. One such limitation is the assumption that the core of the atom underlying the valence shell is spherical. In the case of the transition metals and atoms with polarizable cores this may not always be the case and a nonspherical shell may have an important influence on the geometry of a molecule (2) . Studies of the Laplacian of the electron density in such mol-
Relief maps of the charge density and the negative of the Laplacian for the two symmetry planes of the water molecule. Lower maps are for the molecular plane and the upper maps are for the perpendicular plane. There is a spike-like concentration of charge surrounding the oxygen nucleus (which is terminated at an arb~trary value) that corresponds to the inner core. The valence shell charge concentration (VSCC) is not uniform but exhibits maxima and saddles in these two-dimensional relief maps. In the p e~n d i c u l a r (nonbonding) plane the VSCC of oxygen exhibits two maxima and two saddle points in -V'p. In the plane of the molecule -V-p exhibits two maxima, one along each bond path to a proton. What appears to be a third maximum is another view of the two nonbonded maxima appearing in the upper diagram. " r , distance of maximum of charge concentration from nucleus; -VZp, value at maximum of charge concentration; area, approximate area of charge concentration; I, lone pair; b, bond pair.
F~G .
13. Relief maps of -VIP for the equatorial (upper) and axial (lower) planes of CIF,. The chlorine atom exhibits three shells of charge concentration. In the equatorial plane there are two nonbonded and one bonded charge concentration in the valence shell. In the axial plane there are three bonded charge concentrations in the valence shell and a fourth apparent maximum that is another view of the saddle between thetwo nonbonded maxima in the equatorial plane. Thus the VSCC of the chlorine atom possesses two nonbonded and three bonded concentrations of charge.
ecules should help us to understand the effect of a nonspherical core on the geometry of a molecule and enable us to extend the VSEPR model to include such molecules. 
FIG. 15. ( a )
In the oxide ion there are two sets of four electrons with the same spin. In each set the most probable arrangement is tetrahedral as a consequence of spin and charge correlation. There is little correlation between the two sets as a consequence of the opposing effects of spin and charge correlation. The overall charge density in the ion is spherical. (b) The effect of adding two protons to the oxide ion to form the water molecule is to attract the two tetrahedra into partial coincidence, thus giving rise to four local charge concentrations, two bonding and two nonbonding.
